Histone H3 lysine 4 monomethylation (H3K4me1) is an evolutionarily conserved feature of enhancer chromatin catalyzed by the COMPASS-like methyltransferase family, which includes Trr in Drosophila melanogaster and MLL3 (encoded by KMT2C) and MLL4 (encoded by KMT2D) in mammals 1-3 . Here we demonstrate that Drosophila embryos expressing catalytically deficient Trr eclose and develop to productive adulthood. Parallel experiments with a trr allele that augments enzyme product specificity show that conversion of H3K4me1 at enhancers to H3K4me2 and H3K4me3 is also compatible with life and results in minimal changes in gene expression. Similarly, loss of the catalytic SET domains of MLL3 and MLL4 in mouse embryonic stem cells (mESCs) does not disrupt self-renewal. Drosophila embryos with trr alleles encoding catalytic mutants manifest subtle developmental abnormalities when subjected to temperature stress or altered cohesin levels. Collectively, our findings suggest that animal development can occur in the context of Trr or mammalian COMPASS-like proteins deficient in H3K4 monomethylation activity and point to a possible role for H3K4me1 on cis-regulatory elements in specific settings to fine-tune transcriptional regulation in response to environmental stress.
Previous work from our laboratory established the initial link between Trr in Drosophila and its mammalian homologs MLL3 and MLL4 as the enhancer H3K4 monomethylases required for enhancer-promoter communication during development 1, 2 (Fig. 1a) . Subsequent studies have confirmed our original findings that MLL3 and MLL4 are H3K4 monomethylases functioning on enhancers and that these enzymes are essential for embryonic development in mammals 11, 12 . Importantly, recent studies implicate defective MLL3 and MLL4 activity in the pathogenesis of various forms of cancer 13 . However, the specific requirements for the catalytic activity of COMPASS-like complexes during organismal development are largely undefined.
To investigate the role of Trr-catalyzed H3K4 monomethylation at cis-regulatory elements in Drosophila, we complemented the embryonic lethal trr [1] null allele 14 with various trr rescue transgenes. Through site-specific integration, we rescued trr [1] lethality using a 12-kb transgenic genomic construct encompassing the trr locus and its associated regulatory elements. Within this construct, we also introduced specific amino acid substitutions into the Trr SET domain at highly conserved residues, at which substitutions disrupt Set1 methyltransferase activity in yeast (Fig. 1b) . A Trr cysteine-to-alanine (Cys2398Ala) mutant was catalytically deficient when reconstituted in vitro (Fig. 1c) , and cell lysates from the larval tissues of Drosophila expressing this mutant (referred to as trr-C/A flies) demonstrated a large reduction in bulk H3K4me1 levels without effects on Trr, Trx, or dSet1 protein stability (Fig. 1d) . This phenotype closely resembles the effect of trr RNA interference (RNAi) on H3K4me1 levels and is consistent with our original findings that Trr predominantly catalyzes H3K4 monomethylation on enhancers in Drosophila 1 .
We next tested the importance of Trr product specificity by mutating the tyrosine at the 'F/Y switch' position to a phenylalanine residue, which converts Set1 within COMPASS to a more efficient H3K4 di-and trimethylase, in vitro and in vivo 15, 16 . Indeed, introducing a Histone H3K4 monomethylation catalyzed by Trr and mammalian COMPASS-like proteins at enhancers is dispensable for development and viability 1 6 4 8 VOLUME 49 | NUMBER 11 | NOVEMBER 2017 Nature GeNetics l e t t e r s TM3, Sb + trr rescue trr [1] trr [1] ; + trr [1] The arrow marks the Trx band, and the asterisks indicate unspecific bands. The trr-Arg2344Ala transgene showed no effect on bulk H3K4me1 levels and was not included in subsequent experiments. (e) The lethality of the trr null allele trr [1] can be rescued by various genomic trr constructs containing the trr gene and putative regulatory regions. Only male rescued flies are shown. From top to bottom, the transgenes expressed were trr-WT, trr-C2398A (inactive), and trr-Y2383F (hyperactive). (f) Genetic analyses confirmed that the trr [1] allele remains hemizygous lethal in the absence of one of the three trr rescue transgenes. Lack of trr [1] males is highlighted in pink. Uncropped western blot images are shown in supplementary Figure 5 .
Images shown are representative of at least two independent experiments. l e t t e r s phenylalanine residue at the corresponding position in the SET domain of Trr (Tyr2383Phe; flies with this mutant are hereafter referred to as trr-Y/F flies) shifted its enzymatic activity toward that of an H3K4 di-and trimethylase without affecting protein stability ( Fig. 1b-d) . Intriguingly, both the catalytically deficient (Trr-C/A) and hyperactive (Trr-Y/F) mutants rescued the recessive lethal trr [1] allele, producing fertile adults with normal life span and no gross abnormalities (Fig. 1e) . Because loss of Trr results in embryonic lethality, we were intrigued that disrupting its catalytic activity did not result in an aberrant phenotype, given the strong evolutionary conservation of the COMPASS SET domain (Fig. 1b) . Sanger sequencing confirmed the intended mutations in both genomic DNA and mRNA ( Supplementary Fig. 1a,b) . We removed the trr rescue transgene through genetic crosses and confirmed that trr [1] recessive lethality persisted, thus ruling out the possibility that recombination occurred on the X chromosome to produce a functional Trr enzyme (Fig. 1f) 17 , were also rescued in the same manner to confirm that complementation was not unique to trr [1] (data not shown). These observations suggest an essential methylase-independent role for Trr in regulating enhancermediated processes critical for Drosophila development.
To test whether the Trr substitutions altering catalytic activity specifically affect H3K4 methylation at cis-regulatory elements, we mapped the genomic distribution of these histone modifications using ChIP-seq in adult fly brain tissues (Fig. 2a and l e t t e r s (Fig. 2b,c) .
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To investigate whether these effects occur across the genome, we identified H3K27ac peaks and divided them into 5,367 transcription start sites (TSSs) and 1,440 non-TSSs. ChIP-seq reads were converted to Z scores and displayed as density bar plots centered on non-TSS H3K27ac peaks. At these 1,440 putative enhancers, H3K4me1 was diminished in the trr-C/A mutant or converted to H3K4me2 or H3K4me3 in the trr-Y/F mutant (Fig. 2c,d and Supplementary Fig. 2b ). Interestingly, enhancer H3K27ac levels were modestly but reproducibly correlated with H3K4 methylation levels, decreasing in the trr-C/A mutant and increasing slightly in the trr-Y/F mutant. The effects of the trr mutations altering catalytic activity were specific to enhancers and were not observed at TSS regions. By contrast, H3K4me1 in the trr-C/A mutant was slightly increased at TSSs, consistent with trr RNAi experiments 1 ( Supplementary Fig. 2c ). We performed ChIPseq for both Trr and Lpt in our transgenic flies and found that the genome-wide binding of these proteins was not substantially affected ( Supplementary Fig. 2d ). To validate our findings in a different tissue, we repeated these ChIP experiments for H3K4me1, H3K4me3, and H3K27ac using larval wing imaginal discs and obtained similar results to those in brain tissues ( Supplementary Fig. 2e-g ), thus corroborating our previous findings that Trr functions predominantly at enhancers 1 .
To explore the transcriptional consequences of altering H3K4 methylation at enhancers, we performed RNA-seq on both adult brains and larval wing imaginal discs from transgenic flies (Fig. 3a) . Despite the alterations in enhancer histone methylation, gene expression in adult brain tissue was largely unaffected in trr-C/A and trr-Y/F flies ( Supplementary Fig. 3a,b) . This was the predicted result, as neither transgenic line demonstrated apparent abnormalities in behavior or head morphology. In wing imaginal discs, gene expression profiles for the two lines expressing Trr with altered catalytic activity were highly similar to the profile in trr-WT larvae (>99%, Pearson correlation) (Fig. 3b) . By contrast, reducing total Trr levels by RNAi, using either an engrailed (en)-or T80-Gal4 driver, elicited major changes in gene expression (Fig. 3c) , suggesting that there are H3K4-methylation-independent functions of Trr in developmental gene regulation. We performed unsupervised hierarchical clustering of the 3,168 differentially expressed genes from our six data sets (adjusted P < 0.01) and plotted Z-score-transformed read counts for comparison. Control samples (lacZ RNAi) and those expressing the three different trr rescue alleles exhibited highly similar patterns of gene expression, whereas trr-depleted RNAi samples formed a separate cluster with dramatically altered RNA expression profiles (Fig. 3c) . These results support our hypothesis that the major functions of Trr in transcriptional regulation and organismal development are not strictly dependent on its methyltransferase activity at H3K4.
By integrating ChIP-seq and wing disc RNA-seq data, we observed a link between subtle differences in gene expression (Fig. 3c) and altered H3K4 methylation levels at nearby enhancers. Centering on total H3K27ac peaks (n = 5,908), we performed k-means clustering (k = 3) based on H3K4 and H3K27 modifications (Fig. 3d) . Cluster 3 (bottom cluster) exhibited the strongest alteration in non-TSS enhancer H3K4 methylation (Fig. 3d) . Diminished enhancer H3K4me1 in trr-C/A flies was associated with decreased expression of the nearest gene (P = 1.22 × 10 −42 , hypergeometric test); conversely, conversion of H3K4me1 to H3K4me2 or H3K4me3 in trr-Y/F flies was associated with increased expression of the nearest gene (P = 6.25 × 10 −22 , hypergeometric test) (Fig. 3d) . Despite these observed differences in gene expression, all three trr [1] -rescued fly lines produced adults with morphologically normal wings (Fig. 1e) , whereas flies from both trr RNAi lines died during pupation, prohibiting analysis of wing development.
After detailed analysis, we were able to uncover subtle phenotypes in the three trr rescue lines. When maintained at the elevated temperature of 29 °C, trr-C/A flies displayed an additional cross-vein between L3 and L4 (L3/L4 cross-vein), and this phenotype was absent when the trr-C/A transgene was expressed on a trr[+] background (Fig. 4a) . Also, trr-Y/F females had stronger pigmentation of their seventh abdominal segment, whereas the majority of trr-C/A females lacked this pigmentation ChIP-seq data displayed as log 2 (fold change) heat maps centered on total H3K27ac peaks (±5 kb). Cluster 3 (bottom) is enriched for the non-TSSs (P = 3.61 × 10 −404 , hypergeometric test) most affected by trr catalytic mutations. RNA-seq log 2 (fold change) data show the effects of enhancer chromatin modifications on nearby gene expression. Non-TSSs are depicted in blue in the far right panel, whereas TSSs are shown in white.
Wing disc ChIP-seq experiments were performed once.
l e t t e r s (Fig. 4b) . We also observed a mild bristle phenotype in the trr-Y/F line when flies were maintained at 29 °C. The occurrence of supernumerary thoracic macrochaetae (bristles) was significantly more frequent in trr-Y/F flies (P = 1.19 × 10 −17 , t test with unequal variance) than in trr-C/A flies (P = 0.36) (Supplementary Fig. 4a ). Remarkably, this phenotype also manifested in mutants of the H3K4me3 demethylase lid 18, 19 . Bulk levels of H3K4me3 were increased in lid mutants, similar to what we observed in trr-Y/F flies, suggesting that the bristle phenotype resulted from increased H3K4me3, presumably through the Notch pathway. Taken together, these observations demonstrate a wide tolerance for differential H3K4me1 levels at developmental enhancers in Drosophila and suggest that this modification is important for fine-tuning enhancer activity, especially under temperature stress. In eukaryotes, the cohesin complex is essential for sister chromatid cohesion during mitosis and also has a pivotal role in facilitating enhancer-promoter communication by bringing these elements into close physical proximity [20] [21] [22] [23] [24] . Nipped-B is responsible for loading cohesin onto chromatin, and its overexpression in Drosophila causes abdominal segmentation defects in adult flies 25 . Interestingly, we detected abdominal segmentation defects in trr-Y/F flies at low penetrance. If these defects are due to enhancer overactivation through hypermethylation, then Nipped-B overexpression on the trr-Y/F background would be expected to exacerbate this phenotype. (Fig. 4c) . By contrast, crossing daGal4; UAS-Nipped-B flies with the trr-C/A line did not dramatically increase the penetrance of the segmentation defects resulting from Nipped-B overexpression (Fig. 4c) . These results indicate that enhancer activity is sensitive to increased cohesin loading and that local enhancer H3K4me1 fine-tunes transcriptional output.
To test the conservation of enhancer H3K4me1 function between Drosophila Trr and mammalian MLL3 and MLL4 proteins (encoded by KMT2C and KMT2D, respectively 1,2,26 ), we used CRISPR-Cas9 genome editing to generate several mESC clones harboring deletion of the SET domains of both MLL3 and MLL4 (referred to as MLL3/4-∆SET) (Fig.  5a) . These mutant cells exhibited bulk reduction in H3K4me1 (Fig. 5b) . In contrast to a recent report claiming that MLL4 protein stability is dependent on its methyltransferase activity 27 , we observed no protein stability defects in our MLL3/4-∆SET clones (Fig. 5c) . In addition, while this manuscript was under revision, another study used single-aminoacid point substitutions to disrupt the catalytic activity of MLL3 and MLL4 in mESCs and also observed no effect on MLL3 or MLL4 protein stability 28 . We attribute these differences to the use of a potentially destabilizing triple-amino-acid substitution in the previous study 27 as compared to the single-amino-acid changes or deletion of the entire SET domain described here and in ref. 28 . Collectively, these results are in l e t t e r s agreement with the notion that MLL3 and MLL4 regulate enhancer function largely through a methylation-independent mechanism 28 . By integrating our data sets with those of Dorighi et al. 28 , we observed significant reductions in the levels of H3K4me1, H3K4me2, and 
l e t t e r s
H3K27ac at MLL3-and MLL4-bound enhancers, consistent with multiple ChIP-seq studies in MLL3 and MLL4 double-knockout mESCs 28, 29 ( Fig. 5d,e) . k-means clustering (k = 2) of the ChIP-seq data showed that sites of MLL3-and MLL4-dependent H3K4 methylation were weakly associated with reductions in nearby gene expression, similar to the results shown in Figure 3d and 5f. Interestingly, the effects on nearby transcription were more evident in MLL3/4-∆SET clones than in the lines with single-amino-acid changes in MLL3 and MLL4, but less severe than those observed in the double-knockout cells, indicating that the MLL3 and MLL4 mutants with single-amino-acid substitutions may retain some residual catalytic activity (Fig. 5f) . Additionally, MLL3/4-∆SET mESCs stained positively for alkaline phosphatase activity (a marker of pluripotency), whereas MLL3 and MLL4 double-knockout cells did not 29 ; thus, the consequences of disrupting MLL3 and MLL4 methyltransferase activity are likely less severe than removing the entire gene product (Fig. 5g) . These results agree with our findings in Drosophila and point to a vital methylase-independent function for the Trr-MLL3-MLL4 COMPASS-like family in vivo.
METHOdS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
ONLINE METHOdS
Fly (Drosophila melanogaster) stocks. Genomic trr rescue flies were generated using pattB plasmid for site-specific integration on 3R (89E11) and injections performed by BestGene (strain 9744). Transgenic flies were crossed to trr [1] flies and then made homozygous for the trr [1] allele and trr rescue construct. UAS-Nipped-B was overexpressed using a da-Gal4 driver line. T80-Gal4 (1878), en-Gal4 (33557), and UAS-trr-RNAi (29563) were purchased from the Bloomington Drosophila Stock Center.
HMTase analysis of the reconstituted Trr-hWRAD complex in vitro.
The Trr complex was reconstituted by coinfecting Sf9 cells with a cocktail of five baculoviruses expressing Trr-WinSET, hRBBP5, hASH2L, hWDR5, and hDPY30 and purifying the complex with M2 agarose resin (SigmaAldrich). All five components were N-terminally FLAG tagged. An HMTase assay was performed in 2 µl of 50 mM Tris-HCl pH 8.8, 20 mM KCl, 5 mM MgCl 2 , and 0.5 mM DTT at 37 °C for 1 h with 1 µg of recombinant histone H3 (NEB), 200 µM S-adenosyl methionine, and near equal amounts of Trr and hWRAD.
Chromatin immunoprecipitation. ChIP-seq experiments in adult brains were performed as follows. Approximately 10,000 adult flies (4-6 d after eclosion) were flash frozen in a 50-ml tube, vortexed to decapitate heads, and separated by passing through 710-µm and 425-µm sieves. Heads were cross-linked for 10 min while homogenizing with a 50-ml dounce (loose pestle) in buffer A1 (15 mM HEPES pH 7.5, 15 mM NaCl, 60 mM KCl, 4 mM MgCl 2 , 0.5% Triton X-100, 0.5 mM DTT) plus 2% paraformaldehyde and protease inhibitor (Sigma, P8340) added fresh. Glycine was added to a final concentration of 225 mM to quench fixative, and the mixture was then passed through a 70-µm cell strainer to remove debris. Brain cells were pelleted for 5 min at 2,000g, 4 °C, and washed once with Orlando/Paro buffer (10 mM Tris pH 7.5, 10 mM EDTA, 0.5 mM EGTA, 0.25% Triton X-100, 0.5 mM DTT, protease inhibitors) and pelleted again at 2,000g.
Final cell pellet was resuspended in sonication buffer (10 mM Tris pH 8.0, 1 mM EDTA, 0.1% SDS, protease inhibitor), and chromatin was fragmented to 200-600 bp using a Covaris E220 bath sonicator. Chromatin was incubated with antibodies overnight at 4 °C, immunoprecipitated the following day by incubating with Protein A/G agarose beads (Santa Cruz), washed six times in RIPA buffer (25 mM Tris pH 7.5, 140 mM NaCl, 1% Triton X-100, 1 mM EDTA, 0.1% SDS, 0.1% sodium deoxycholate, 0.5 mM DTT), and eluted (0.1 M NaHCO 3 , 1% SDS). After cross-link reversal and proteinase K digestion overnight at 65 °C, DNA was purified using Qiagen PCR purification spin columns. Larval wing imaginal disc ChIP-seq (~100 discs/ChIP) was performed similarly to previous reports 30 , except that chromatin was sheared using a Covaris E220 bath sonicator.
Qiagen RNeasy kits were used for all RNA purification.
Antibodies. Antibodies recognizing H3K4me1, H3K4me2, H3K4me3, Trr, Lpt, Trx, dSet1, MLL3, and MLL4 were generated in the Shilatifard laboratory 1, 31 , and antibody to H3K27ac was purchased from Cell Signaling Technology (D5E4, rabbit mAb, 8173).
Genome editing by CRISPR-Cas9. Plasmid cloning. CRISPR sgRNA constructs were cloned into pX330. pX330-U6-Chimeric_BB-CBh-hSpCas9 was a gift from F. Zhang (Broad Institute) (Addgene plasmid 42230) 32 . The oligonucleotides were heat denatured, annealed by gradual cooling, and cloned into the BbsI site of pX330. Guide RNA sequences are in Supplementary Table 1 .
Generation of mutant mESCs. Mouse v6.5 ES cells were cultured in 2i medium plus LIF and electroporated with 25 µg of each sgRNA construct and 10 µg of CAG-EGFP-IRES-Puro (a kind gift from the laboratory of H. Niwa (RIKEN)). One day after electroporation, cells were selected for 24 h with 1 µg/ml puromycin. Cells were allowed to recover for 4 d and then plated at low density (1,000 cells per 10-cm dish) and allowed to form colonies. Single colonies were picked into 96-well plates and allowed to grow to confluence, at which point plates were split in half for freezing and lysis. Cells were lysed in DNA extraction buffer (10 mM Tris pH 8.5, 50 mM KCl, 1.5 mM MgCl 2 , 0.45% NP-40, 0.45% Tween-20, 0.5 mg/ml proteinase K) and incubated overnight at 55 °C. Proteinase K was inactivated by heating to 95 °C for 12 min, and DNA was analyzed by PCR.
Sequencing data processing. RNA-seq and ChIP-seq samples were sequenced with Illumina technology, and output data were processed with the bcl2fastq software tool. Sequence quality was assessed using FastQC v0.11.2 (Andrew 2010), and quality trimming was performed using the FASTX toolkit. RNA-seq and ChIP-seq reads were aligned to the mm9 and dm3 genomes using TopHat v2.0.9 and Bowtie v0.12.9, respectively, and only uniquely mapped reads meeting a two-mismatch threshold were considered for downstream analysis. Gene annotations from Ensembl 67 were used for mouse cells, and gene annotations from Ensembl 70 were used for Drosophila cells. Output BAM files were converted into BigWig track files to display coverage throughout the genome (in RPM) using the GenomicRanges package 33 .
RNA-seq analysis. Gene count tables were used as input for edgeR 3.0. 8 (ref. 34) . Genes with Benjamini-Hochberg-adjusted P values less than 0.01 were considered to be differentially expressed. Heat maps displaying gene expression levels transformed into Z scores were generated using the pheatmap R package, and the rows (genes) and/or columns (samples) in these heat maps were subjected to unsupervised hierarchical clustering.
ChIP-seq analysis. Peaks were called with MACS v1.4.2 software 35 using default parameters. H3K27ac peaks were separated into TSS and non-TSS groups on the basis of whether or not they overlapped regions within 500 bp of a TSS. Density bar plots were generated using unpublished Perl and R scripts written by Y. Lui, which incorporated some UCSC Genome Browser tools. For the density bar plots, mean RPM values for each sample were computed along the genome in 10-bp bins, input was subtracted, and ChIP-seq RPM values were transformed into Z scores by subtracting the mean RPM value across the genome and dividing by the s.d. of the genome-wide mean RPM value. Subsequently, these Z scores were aligned to H3K27ac non-TSS and TSS peaks. Meta-plots and heat maps were generated using ngsplot 36 . Meta-plots show log fold changes relative to input, and heat maps show log fold changes relative to wild type. k-means clustering was also performed using ngsplot, and nearestgene log fold changes in gene expression (from the RNA-seq edgeR output) corresponding to the clustered peaks in the heat maps were determined using in-house scripts and visualized with Java TreeView 37 .
Statistical analysis. For statistical analyses, R and Microsoft Excel were used. Appropriate statistical tests were used for all data where a statistical analysis was reported. An F test was performed to determine whether different groups had the same variance. For ChIP-seq Z-score analysis, t tests were calculated between area-under-the-curve values. P values <0.05 were considered to be statistically significant. All experiments were conducted in unblinded conditions. 
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